Ouvrard-Pascaud A, Madec A, Richard V, Bellien J. Soluble epoxide hydrolase inhibition improves coronary endothelial function and prevents the development of cardiac alterations in obese insulin-resistant mice. Am This study addressed the hypothesis that inhibiting the soluble epoxide hydrolase (sEH)-mediated degradation of epoxy-fatty acids, notably epoxyeicosatrienoic acids, has an additional impact against cardiovascular damage in insulin resistance, beyond its previously demonstrated beneficial effect on glucose homeostasis. The cardiovascular and metabolic effects of the sEH inhibitor trans-4-[4-(3-adamantan-1-ylureido)-cyclohexyloxy]-benzoic acid (t-AUCB; 10 mg/l in drinking water) were compared with those of the sulfonylurea glibenclamide (80 mg/l), both administered for 8 wk in FVB mice subjected to a high-fat diet (HFD; 60% fat) for 16 wk. Mice on control chow diet (10% fat) and nontreated HFD mice served as controls. Glibenclamide and t-AUCB similarly prevented the increased fasting glycemia in HFD mice, but only t-AUCB improved glucose tolerance and decreased gluconeogenesis, without modifying weight gain. Moreover, t-AUCB reduced adipose tissue inflammation, plasma free fatty acids, and LDL cholesterol and prevented hepatic steatosis. Furthermore, only the sEH inhibitor improved endothelium-dependent relaxations to acetylcholine, assessed by myography in isolated coronary arteries. This improvement was related to a restoration of epoxyeicosatrienoic acid and nitric oxide pathways, as shown by the increased inhibitory effects of the nitric oxide synthase and cytochrome P-450 epoxygenase inhibitors L-NA and MSPPOH on these relaxations. Moreover, t-AUCB decreased cardiac hypertrophy, fibrosis, and inflammation and improved diastolic function, as demonstrated by the increased E/A ratio (echocardiography) and decreased slope of the end-diastolic pressure-volume relation (invasive hemodynamics). These results demonstrate that sEH inhibition improves coronary endothelial function and prevents cardiac remodeling and diastolic dysfunction in obese insulin-resistant mice. insulin resistance; soluble epoxide hydrolase; endothelium; cardiac function * M. Besnier and R. Cassel contributed equally to this work.
ENDOTHELIAL DYSFUNCTION AND accelerated atherosclerosis, secondary to the chronic pro-inflammatory state generated by hyperinsulinemia, hyperglycemia, and dyslipidemia, play a critical role in the development of cardiovascular complications of type 2 diabetes (12, 17, 22) . Strategies for multiple risk-factor control including glucose, lipid, and blood pressure levels have shown a clear benefit on cardiovascular outcome in type 2 diabetic patients (22, 23) . However, these patients are still at increased cardiovascular risk, and new therapeutic targets are needed (22, 23) .
In this context, pharmacological therapies targeting both the metabolic and cardiovascular abnormalities in type 2 diabetes would be ideal candidates. An emerging pharmacological approach consists in inhibiting soluble epoxide hydrolase (sEH), which is an ubiquitously distributed enzyme that rapidly metabolizes epoxy-fatty acids, in particular epoxyeicosatrienoic acids (EETs), into their corresponding less active diols (3, 20) . EETs synthesized in endothelial cells by cytochrome P-450 (CYP450) epoxygenases contribute to the regulation of vascular tone by acting as endothelium-derived hyperpolarizing factors (EDHF) through the activation of calcium-activated potassium (K Ca ) channels, and display potent effects against inflammation and remodeling (3, 20) . In addition, CYP450 epoxygenases and sEH are expressed in metabolic organs and locally synthesized EETs appear to contribute to the regulation of glucose and lipid homeostasis (3, 20) .
Recent evidence indicates that CYP450 epoxygenase overexpression or sEH inhibition/genetic deletion improves glucose homeostasis in diabetes by increasing both insulin release and sensitivity (14, 15, 24) . However, the associated impact on endothelial dysfunction and cardiac alterations remains to be thoroughly investigated in particular in a context of type 2 diabetes. Indeed, in insulin-resistant animals, endothelial dysfunction is associated with modifications in the vascular expression of CYP450, sEH, and K Ca channels, thus giving indirect evidence for the presence of an altered EET pathway at the cardiovascular level (19, 26) . Finally, whether sEH inhibition prevents adipose tissue inflammation, which triggers the development of insulin resistance, and/or improves lipid homeostasis remains largely unknown (7) .
Thus, the aim of the present study was to compare, in a murine model of insulin resistance, the effects of the chronic administration of a sEH inhibitor to those of a pure prevention of hyperglycemia by a sulfonylurea on cardiovascular damage, with particular emphasis on endothelial function, cardiac function, and structure, as well as on metabolic abnormalities.
MATERIALS AND METHODS
The protocol was approved by a local institutional review committee and conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Animal model and treatments. Male FVB/N mice (Janvier), 6 -8 wk of age, weighing 26 -30 g were used for these experiments. This strain was chosen based on our previous studies showing that, in accordance with our findings in humans, EETs contribute with nitric oxide (NO) to endothelium-dependent responses in arteries isolated from these mice (2, 8) . Mice were fed with either a standard chow diet (control mice, n ϭ 48, D12450B, 10% energy by fat; Research Diets) or a high-fat diet (HFD; n ϭ 160, D12492B, 60% energy by fat; Research Diets) for 16 wk. Eight weeks after starting the HFD, mice were randomized to receive either the potent sEH inhibitor trans-4-(4-(3-adamantan-1-yl-ureido)-cyclohexyloxy)-benzoic acid (t-AUCB; 10 mg/l in drinking water, n ϭ 56) or glibenclamide (80 mg/l, n ϭ 50; Sigma-Aldrich) or were not treated (n ϭ 54) for the remaining 8 wk (10) . Animal body weight along with food and caloric intake were monitored weekly. Blood pressure and heart rate were monitored every 4 wk in trained conscious animals using a noninvasive computerized tail-cuff system (CODA 2; Kent Scientific) (8) . The blood level of t-AUCB was quantified by LC-MS/MS (10) .
Metabolic parameters. Fasting glucose and insulin levels were determined before [week (W)0], 8 wk (W8), and 16 wk (W16) after starting normal chow diet or HFD. Briefly, after a 16-h fast, glycemia was measured in blood collected from the tail using a glucometer (StatStrip Xpress; Nova Biomedical), and insulin was determined in plasma, obtained from retro-orbital blood collection in mice anesthetized with isoflurane (1% to 2%), by an enzyme-linked immunosorbent assay (Ultra Sensitive Insulin mouse Assay; Crystal Chem). Glucose, pyruvate, and insulin tolerance tests (GTT, PTT, and ITT, respectively) were performed at W16 to assess glucose tolerance, gluconeogenesis, and peripheral insulin sensitivity, respectively. For glucose and pyruvate tolerance tests, mice were fasted for 16 h and glucose or pyruvate were administered by gavage at the dose of 2 mg/g body wt. For insulin tolerance test, mice were fasted for 6 h and human insulin (1 mU/g ip, Actrapid; Novo Nordisk A/S) was administered. For all tests, blood glucose values were measured just before and 15, 30, 45, 60, 90, and 120 min after administration, and the area under the curve was calculated for each animal.
Plasma LDL cholesterol, triglycerides, and free fatty acids were measured at W16 by enzyme-linked immunosorbent assays (EHDL-100, EFFA-100, and ETGA-200; BioAssay Systems). For determination of hepatic steatosis, freshly dissected livers were frozen and cryostat sections 8-m thick were further processed for Oil Red O lipid staining.
The mRNA expression of TNF-␣, monocyte chemoattractant protein-1 (MCP-1), IL-1␤, IL-6, IL-10, endothelial NO synthase (eNOS), and the macrophage marker CD68 was assessed by real-time RT-PCR in epididymal white adipose tissue. Values were normalized using TATA box binding protein mRNA and expressed as the percentage of gene variation in comparison with that of control mice.
Coronary vascular studies. Coronary vascular reactivity was evaluated at W8 and W16 by myography (Dual Wire Myograph System; Danish Myo Technology). For this purpose, mice were anesthetized (3.6 mg/kg xylazine, 90 mg/kg ketamine), and the heart was immediately removed and placed in cold, oxygenated Krebs buffer. A segment of the septal coronary artery, 1 mm long and ϳ100 m in diameter, was carefully dissected and mounted in a small vessel myograph for isometric tension recording. All measurements were performed after vessel contraction with 10 Ϫ5 M serotonin, and pharmacological inhibitors were applied for 30 min before assessing the relaxant responses. The endothelium-dependent relaxations to acetylcholine (10 Ϫ9 to 10 Ϫ4.5 M) were assessed in the absence and in the presence of the NOS inhibitor N -nitro-L-arginine (L-NA; 10 Ϫ4 M), the CYP450 epoxygenase inhibitor N-methylsulfonyl-6-(2-propargyloxyphenyl)-hexanamide (MSPPOH; 10 Ϫ4 M), and apamin ϩ TRAM34 (10 Ϫ5 M each), the inhibitors of small-and intermediateconductance calcium-activated potassium (SK Ca and IKCa) channels, which mediate the classical EDH response without necessary involvement of a chemical factor, were assessed (3, 8) . Endothelium-independent relaxations to the NO donor sodium nitroprusside (10 Ϫ9 to 10 Ϫ4.5 M) and the coronary relaxing responses to NS1619, an opener of large-conductance calcium-activated potassium (BK Ca) channels (10 Ϫ6 to 10 Ϫ4.5 M), which are the main smooth muscle cellular targets of EETs mediating their hyperpolarizing effect, and to NS309, an opener of SKCa and IKCa channels (10 Ϫ8 to 10 Ϫ5 M), were assessed (3, 8) . Coronary protein expressions of eNOS, sEH, and BK Ca channels were determined by Western blot analysis, and results were normalized to actin level (8, 18) . Cardiac evaluations. In mice anesthetized with isoflurane (1% to 2%), left ventricular (LV) dimensions, and function were assessed at W0, W8, and W16, using a Vivid 7 ultrasound device (GE medical) (8, 18) . The heart was imaged in the two-dimensional mode in the parasternal short-axis view. With the use of M mode image, LV end-diastolic (EDD) and systolic diameters (ESD), and end-diastolic LV wall thickness were measured. Ejection fraction (EF) was calculated from the LV cross-sectional area as EF (%) ϭ ((LVDA Ϫ LVSA)/LVDA) ϫ 100 where LVDA and LVSA are LV diastolic and systolic area, estimated from EDD and ESD. In addition, a pulsed Doppler of the LV outflow was performed to obtain heart rate (HR) and velocity time integral (VTI) allowing the calculation of stroke volume (SV ϭ ϫ LV outflow radius 2 ϫ VTI) and cardiac output (CO ϭ SV ϫ HR). Furthermore, Doppler measurements were made at the tip of the mitral leaflets for diastolic filling profiles in the apical four-chamber view, allowing to determine peak early (E) and late (A) mitral inflow velocities, and calculation of the E/A ratio.
Myocardial perfusion was assessed at W16 by cardiac magnetic resonance imaging (MRI) in anesthetized mice using a 4.7 T horizontal bore scanner (Bruker) and the arterial spin labeling technique (18) .
LV hemodynamics were assessed at W16 in anesthetized mice (8, 18) . A 2F miniaturized combined conductance catheter-micromanometer (model SPR-838; Millar) connected to a pressure-conductance unit (MPCU-200; Millar) was introduced in the carotid artery and advanced into the left ventricle. LV pressure-volume loops were recorded at baseline and during loading by gently occluding the abdominal aorta with a cotton swab, allowing the calculation of LV end-systolic and end-diastolic pressures, LV dP/dt min/dP/dtmax, LV relaxation constant (Weiss method), and LV end-systolic and enddiastolic pressure-volume relations as indicators of load-independent LV passive elastance and compliance function respectively.
Finally, the heart was harvested, the ventricles were weighed and a section of the left ventricle was snap frozen for subsequent determination of LV collagen density, using 8-micrometer-thick histological slices stained with Sirius Red. Leukocyte infiltration was assessed by the quantification of CD45-positive cells by immunohistochemistry. In addition, the number of F4/80-, CD3-, and GR-1-positive cells, as markers of macrophages, lymphocytes T, and neutrophils, respectively, was determined. The LV mRNA expression of the CYP450 epoxygenases CYP2J5 and CYP2C29 was assessed by real-time RT-PCR and normalized using GAPDH and ␤ 2-microglobulin mRNA expressions. The LV protein expressions of phospho-Akt (pAkt, Ser473), Akt, NF-B, phosphoIB␣ (pIB, Ser32/36), IB␣, eNOS, sEH, NOX4, catalase, superoxide dismutase (SOD), and actin were determined by Western blot analysis (8, 18 
RESULTS
At W16, the blood concentration of t-AUCB in HFD mice treated for 8 wk was 16.2 Ϯ 7.1 nmol/l (n ϭ 11). Food intake was similar between groups, but caloric intake was higher in nontreated HFD mice compared with control mice, resulting in a higher body weight gain (Fig. 1) . These parameters were not affected by glibenclamide nor by t-AUCB.
Effects of sEH inhibition on metabolic parameters. When compared with that of control mice, there was an increase in fasting glucose and insulin levels at W8 and W16 in nontreated HFD mice (Table 1 ). In addition, GTT, PTT, and ITT were impaired at W16 in HFD mice (Fig. 2) , further demonstrating the development of insulin resistance.
Regarding plasma lipids, nontreated HFD mice had increased free fatty acids ( Fig. 3A ) and LDL cholesterol ( Fig. 3B ) compared with those of control mice, without change in triglyceride levels (Fig. 3C ). Moreover, there was an increased hepatic lipid content in HFD mice (Fig. 3D ). In adipose tissue, the mRNA expression of eNOS was decreased while the expressions of MCP-1, TNF-␣, and CD68 were increased, without change in IL-1␤, IL-6, and IL-10 ( Table 2) .
The increase in fasting glycemia at W16 was similarly prevented by glibenclamide and t-AUCB. The increase in fasting insulinemia was not affected by glibenclamide but was partially prevented by t-AUCB (Table 1 ). Only t-AUCB improved GTT and PTT, without affecting ITT (Fig. 2) .
Only t-AUCB significantly prevented the increase in plasma free fatty acids and LDL cholesterol and reduced triglyceride levels (Fig. 3, A-C) . At last, t-AUCB but not glibenclamide prevented hepatic steatosis (Fig. 3D) , as well as the decreased expression of eNOS and the increased expressions of MCP-1, TNF-␣, and CD68 in adipose tissue ( Table 2) .
Effects of sEH inhibition on coronary vascular reactivity. When compared with those of control mice, the coronary endothelium-dependent relaxations to acetylcholine were markedly reduced in nontreated HFD mice at W16 (Fig. 4A ). L-NA decreased these relaxations in both groups, but this decrease was lesser in HFD mice than in control mice ( Fig. 4B ; Ϫ21 Ϯ 4% vs. Ϫ33 Ϯ 5% at 3 ϫ 10 Ϫ5 M acetylcholine, P Ͻ 0.01), showing an altered NO pathway. MSPPOH alone or in combination with L-NA decreased these relaxations in control but not in HFD mice (Fig. 4B) , demonstrating the abolition of EET pathway. In contrast, apamin ϩ TRAM34 did not modify the coronary relaxations to acetylcholine in control nor in nontreated HFD mice (Fig. 4B) .
The relaxations to acetylcholine were restored by t-AUCB but not by glibenclamide. This beneficial effect of t-AUCB is related to an improvement in NO pathway as shown by the increased inhibitory effects of L-NA (Ϫ28 Ϯ 4% at 3 ϫ 10 Ϫ5 M acetylcholine, P Ͻ 0.05 vs. nontreated HFD mice) on acetylcholine-induced relaxations. In addition, MSPPOH alone or in combination with L-NA decreased these relaxations in HFD mice treated with t-AUCB, whereas it was without effect in nontreated HFD mice, demonstrating the improvement in EET pathway. Moreover, the inhibitory effect of MSPPOH was already decreased in nontreated HFD mice at W8 compared with control mice (Ϫ24 Ϯ 6% vs. Ϫ53 Ϯ 2% at 3 ϫ 10 Ϫ5 M acetylcholine, P Ͻ 0.01), showing that t-AUCB not only prevents but reverses endothelial dysfunction by restoring EET pathway. Apamin ϩ TRAM34 did not affect the relaxations to acetylcholine in HFD mice treated with t-AUCB or glibenclamide. Furthermore, the coronary endothelium-independent relaxations to sodium nitroprusside (Fig. 4C) were also impaired in HFD mice, and t-AUCB but not glibenclamide prevented this impairment. Finally, the relaxations to NS309 (Fig. 4D ) and NS1619 (Fig. 4E) were also decreased in HFD mice, and this was not improved by t-AUCB. In contrast, glibenclamide further decreased the relaxations to NS1619, an effect that may be related to hyperinsulinemia.
Western blot analysis showed no significant difference between groups for the coronary expressions of sEH and BK Ca channels but eNOS expression tended to be increased by t-AUCB (Fig. 5) .
Effects of sEH inhibition on hemodynamics, cardiac function, and structure. Peripheral blood pressure and heart rate remained similar between groups from W0 to W16 (Table 1) . Echocardiography showed a progressive increase in LV enddiastolic anterior and posterior wall thicknesses from W0 to W16 in nontreated HFD mice compared with control mice, without change in LV end-diastolic diameter (Fig. 6, A-C) . The presence of LV hypertrophy was confirmed at W16 by the higher LV weight-to-tibia length ratio in HFD mice (Fig. 7A ). This was associated with an increased LV collagen density (Fig. 7B ) and a nonsignificant enhancement of CD45-and F4/80-positive cells (Fig. 7C) , without change in the number of CD3-and GR-1-positive cells (data not shown). Western blot analysis showed no change in the LV protein expressions of pAkt, pIB␣, eNOS, sEH, catalase, and SOD but an increased expression of NF-B and NOX4 (Fig. 7D) . LV mRNA expression of CYP2J2 and CYP2C29 were similar in nontreated HFD mice compared with control mice (Fig. 7E ). Furthermore, there was a decrease in the E/A ratio from W0 to W16 in nontreated HFD mice compared with control mice, suggesting diastolic dysfunction (Fig. 6D) . Diastolic dysfunction was confirmed by invasive hemodynamics, demonstrating increased slope of the LV end-diastolic pressure-volume relationship, indicator of load-independent LV passive compliance, in HFD mice, whereas LV end-diastolic pressure, dP/ dt min , and relaxation constant were not significantly modified (Fig. 8A) . In contrast, systolic function remained similar between groups, as shown by the absence of difference for cardiac output and ejection fraction (Fig. 6, E and F) , as well as for end-systolic pressure, dP/dt max , and slope of the endsystolic pressure-volume relationship (Fig. 8B) . Finally, myocardial perfusion was reduced in nontreated HFD mice (10.6 Ϯ 0.7 ml·min Ϫ1 ·g Ϫ1 , n ϭ 9) compared with control mice (12.5 Ϯ 1.0 ml·min Ϫ1 ·g Ϫ1 , n ϭ 10, P Ͻ 0.001).
LV remodeling was not affected by glibenclamide but was improved by t-AUCB, as shown at W16 by their decreased LV anterior and posterior wall thicknesses, without change in LV end-diastolic diameter (Fig. 6, A-C) . Similarly, t-AUCB but not glibenclamide significantly reduced LV weight, collagen density, CD45-and F4/80-positive cells, NF-B, and NOX4 expressions and increased LV pAkt and sEH expression ( Fig.  7D) . No change in the number of CD3-and GR-1-positive cells (data not shown), in the protein expressions of pIB␣, catalase, and SOD, as well as in CYP2J5 and CYP2C29 mRNA expressions (Fig. 7, D and E) , was observed.
Furthermore, only t-AUCB improved cardiac diastolic dysfunction, as shown by the increased E/A ratio (Fig. 6D ) and the decreased LV end-diastolic pressure-volume relationship, compared with nontreated HFD mice (Fig. 8A) . Cardiac systolic function was not altered either by glibenclamide or t-AUCB (Figs. 6, E and F, and 8B) . Finally, myocardial perfusion was not affected by glibenclamide (11.2 Ϯ 1.2 ml·min Ϫ1 ·g Ϫ1 , n ϭ 11) nor by t-AUCB (10.6 Ϯ 1.1 ml·min Ϫ1 ·g Ϫ1 , n ϭ 11) compared with nontreated HFD mice.
DISCUSSION
The major finding of this study is that the chronic administration of a sEH inhibitor not only prevents hyperglycemia but also improves cardiovascular function and structure in a model of insulin resistance.
High-fat feeding in FVB mice was associated with the development of insulin resistance, illustrated by the progressive increase in fasting insulinemia and glycemia, and con- firmed by glucose intolerance and insulin resistance. Moreover, the altered PTT showed an enhanced gluconeogenesis, which is a main mechanism of the increased fasting glycemia (21) . Furthermore, adipose tissue activation was demonstrated in HFD mice by the decreased eNOS expression and the increased expressions of TNF-␣, MCP-1, and CD68, and in circulating levels of free fatty acids. The associated hepatic steatosis may contribute to alter lipid metabolism, illustrated by the increase in plasma LDL cholesterol.
With regard to the cardiovascular function and structure, we first observed the presence of a prominent endothelial dysfunction in coronary arteries of HFD mice, as previously observed in other vascular beds in animal models of insulin resistance (11, 25, 26) . However, we demonstrated for the first time that a progressive alteration in EET pathway is a major contributor, as shown by the decrease at W8 and the complete loss at W16 of the inhibitory effect of MSPPOH on the coronary relaxations to acetylcholine in HFD mice. Because coronary sEH expression was not increased, an increased activity of sEH may exist, as previously observed in adipocytes of HFD mice (5) . Additionally, a decreased activity of BK Ca channels, which is the main cellular targets of EETs mediating their hyperpolarizing effects, probably contributes. Indeed, there was an altered coronary relaxation to the opener of these channels NS1619, without change in protein expression in HFD mice. Moreover, the reduced relaxing responses to NS309 suggest that, in addition to EETs, the classical EDH response mediated by endothelial SK Ca and IK Ca channels is altered in HFD mice. However, this hypothesis cannot be confirmed in the present work because the endothelium-dependent relaxations to ace-tylcholine were not mediated by these channels, as shown by the absence of effect of apamin ϩ TRAM34. In addition, our results also show an alteration in NO pathway, illustrated by the decreased responsiveness to L-NA in HFD mice associated to the decrease in smooth muscle sensitivity to the NO donor sodium nitroprusside. Furthermore, LV concentric hypertrophy and fibrosis, associated to diastolic dysfunction, were demonstrated in HFD mice. These alterations are classically reported in insulin resistance and early stage of type 2 diabetes, even in absence of blood pressure elevation (4) . Many factors may contribute to diabetic cardiomyopathy, including cardiac insulin resistance, altered calcium homeostasis, lipid accumulation, adipokines such as leptin, and an associated pro-inflammatory and pro-oxidative cardiac phenotype, as demonstrated in the present work (4) . Moreover, myocardial perfusion was reduced in HFD mice, maybe contributing to alter cardiac function and structure (1) .
We tested the potent sEH inhibitor t-AUCB administered in drinking water at the dose of 10 mg/l, allowing to reach a blood concentration higher than the IC 50 determined in vitro, using the recombinant murine sEH enzyme (8 nM) (10) . In accordance with the effective inhibition of sEH, we observed an increased expression of this enzyme at least in the cardiac tissue in mice treated with t-AUCB. This effect, which was previously observed with another sEH inhibitor, may represent a compensatory drawback mechanism (8) . First of all, caloric intake and weight gain were not reduced by glibenclamide or by t-AUCB and, thus, such an effect cannot have contributed to the impact of sEH inhibition on glucose and lipid homeostasis. In fact, this result is consistent with previous studies (11, 13) except one (6) . In the latter, the sEH inhibition promoted weigh loss by reducing the appetite and energy expenditure of mice receiving a high-fat and high-fructose diet (6) . In this context, sEH inhibition reversed the increase in fasting glycemia in HFD mice and, importantly, this hypoglycemic effect was of similar magnitude to that obtained with the insulin secretagogue glibenclamide, without modification in weight gain. Prevention of hyperglycemia has been previously obtained in animal models of insulin resistance using sEH inhibition/gene deletion or CYP450 epoxygenase overexpression (15, 24, 25) . Regarding the mechanisms of the hypoglycemic effect of sEH inhibitors, it can be assumed that the impact of such strategy on insulin resistance is inconstant, varying with the models and methods used and the period of investigations chosen after disease onset. Thus an improvement in insulin resistance with sEH inhibitors has been observed in the pioneering work of Luria and collaborators (14) but not in all studies thereafter (6, 13) . In this work, t-AUCB partially prevented the increase in fasting insulinemia, glucose intolerance, and altered gluconeogenesis, but without affecting ITT. These results suggest an improvement in insulin sensitivity mainly at the hepatic but less at the muscular level. In addition, both drugs appeared to improve lipid homeostasis, but only the effects of t-AUCB were significant. This difference may be notably related to the prevention of adipose tissue activation, which triggers systemic inflammation and insulin resistance in obesity (7) . In fact, t-AUCB alleviated in fat tissues the increased mRNA expression of pro-inflammatory cytokines and CD68 and the decreased eNOS expression, as well as it normalized free fatty acids and triglycerides. In addition, the decrease in hepatic steatosis probably contributed to improve hepatic function, as shown by the normalization of plasma LDL cholesterol (11, 13) .
Furthermore, sEH inhibition reversed the endothelial dysfunction of coronary arteries in HFD mice, while glibenclamide did not, beside a similar hypoglycemic effect. Previous studies reported a protective effect of sEH inhibitors on the endothelial function of diabetic mesenteric arteries and aortas, but the mechanisms involved were not identified (11, 25) . In this study, we show an improvement in EET availability, as expected from the prevention of EET degradation by t-AUCB, but without complete restoration of BK Ca channels activity. Moreover, sEH inhibition improved the NO-mediated coronary relaxation, an effect that may be related to the restoration of smooth muscle reactivity to NO and to an enhanced NO production by EETs (3, 18) . Surprisingly, this was not accompanied by a restoration of myocardial perfusion. This may be related to the need for a higher duration of follow-up or to the fact that the classical EDH pathway, which could be not affected by t-AUCB, plays a role at this level. Nonetheless, t-AUCB, but not glibenclamide, prevented cardiac diastolic function, as shown by the improvement in LV compliance, together with opposing the development of cardiac hypertrophy and fibrosis in HFD mice. These effects are probably related to the decrease in LV macrophages infiltration, inflammation, and oxidative stress, illustrated by the reduction in F4/80-positive cells and in NF-B and NOX4 protein expressions, and to the increase in pAkt, which mediate some cardiac protective effects of EETs (3, 15, 20) . In addition, an improvement in calcium homeostasis may help to prevent diastolic dysfunction, as recently suggested from experiments per-formed in cardiomyocytes isolated from hyperglycemic rats treated with another sEH inhibitor (9) . Accordingly, one recent study showed that the genetic modulation of EET pathway through CYP450 epoxygenase overexpression protects streptozotocin-induced diabetic mice from the development of cardiac remodeling and dysfunction (16) .
Conclusion
Altogether, these results show that the pharmacological inhibition of sEH reverses coronary endothelial dysfunction and prevents the early development of cardiac hypertrophy and diastolic dysfunction in a murine model of insulin resistance, beyond its glucose-lowering effect. This positive impact on cardiovascular damage, together with the improvement in metabolic homeostasis, prompts sEH inhibition as a novel and valuable therapeutic perspective in insulin-resistant states. At this time, sEH inhibitors have entered the first phases of clinical development, and our data strongly support the growing interest for this treatment in insulin resistant and type 2 diabetic patients.
